Summary. An unusual enolase isoenzyme, ENO 
Introduction
In developing male germ cells several gene loci encode proteins synthesized at no other time and in no other place; examples include lactate dehydrogenase X (LDH X, Goldberg, 1976) , phosphoglycerate kinase 2 (PGK2, Van der Berg, Cooper & Close, 1973) , cytochrome et (Hennig, 1975) , and testis-specific basic nuclear protein (Goldberg, Geremia & Bruce, 1977) . This paper reports the existence of an unusual form of enolase (2-phospho-D-glycerate hydrolase, EC 4.2.1.11) designated ENO S which is distinct from the enolases of somatic tissues and is restricted to the later stages of sperm maturation.
We have previously shown that human enolases are dimeric and are determined by three gene loci ENO 1, ENO 2 and ENO 3 which encode the polypeptides , ß and respectively (Pearce, Edwards & Harris, 1976) . The homodimer has a very broad tissue distribution and is the major isoenzyme in most tissues except skeletal and cardiac muscle where the isoenzyme predominates. The product of EN02 is most prominent in brain and indeed the ßß isozyme has been referred to as the 'neuronal specific' enolase (NSE, Schmechel, Marangos & Broghtman, 1979) although this gene is expressed in a wide variety of cell types as evidenced by the occurrence of the ß heterodimer. A similar multigene determination and tissue distribution for the various gene products have been reported for the rat somatic tissues (Rider & Taylor, 1974) .
Materials and Methods
Preparation ofsamples. Fresh human spermatozoa were obtained as ejaculates from 13 unrelated normal donors (~3·5 108 spermatozoa/ml) and from 75 men attending an infertility clinic. Of these, 66 samples contained > 107 but < 108 spermatozoa/ml and 9 were oligospermic with < 107 spermatozoa/ml. Electroejaculated ram spermatozoa were collected from an animal selected at random from the stock of the Zoological Society of London. The spermatozoa were pelleted by centrifugation (2000 g, 5 min) and washed extensively in phosphate-buffered saline and lysed by sonication.
Testicular tubules were isolated using collagenase from the testes of 2-month-old Swiss random bred mice. Suspensions of tubular cells were prepared with trypsin as previously described (Grootegoed, Kruger-Sewnarain, Jutte, Rommerts & van der Molen, 1982) . Fractions enriched in middle-late pachytene spermatocytes, round spermatids or elongating spermatids with their detached cytoplasmic fragments were obtained after cell separation by sedimentation at unit gravity (Meistrich, Bruce & Clermont, 1973; Grootegoed, Grollé-Hey, Rommerts & van Electrophoretic analysis of enolase isoenzymes was carried out in a starch gel (11%) in 10 mM-EDTA, 10 mM-MgCL and 10 mM-maleic anhydride at pH 7-4 exactly as described previously (Pearce et al., 1976) : 5 V/cm were applied for 6 h at 4°C. The electrode buffer was 10 times the concentration of the gel buffer (Pearce et al., 1976) . Electrophoretic analysis of lactate dehydrogenase isoenzymes (LDH) was carried out in an 11% starch gel in 10 mM-phosphate pH 7-0 at 4°C and 4 V/cm for 17 h. The electrode buffer was 10 times the concentration of the gel buffer (Harris & Hopkinson, 1976) . Phosphoglycerate kinase (PGK) isoenzymes were visualized after electrophoresis on cellogel in 20 mM-diethyl barbituric acid, 10 mM-sodium citrate, 5 mM-MgS04, 2 mM-EDTA, 10 mM-dithiothreitol. The cellogel was electrophoresed for 1-5 h at 20°C and 200 V (Bücher, Bender, Fúndele, Hafner & Linke, 1980) . After electrophoresis isoenzymes were visualized using specific enzyme stains made up in 50 mM-Tris/Cl buffer pH 7-6 (LDH, ENO) and 0-1 M-triethanolamine, 20 mM-MgS04 (PGK) applied in a filter paper or agar overlay. The stain solution for enolase contained 4 mM-3-phosphoglycerate, 1 mM-NADH, 2 mM-ADP, 4 mM-MgCL, 2-5 units phosphoglyceromutase/ml, 2-75 units lactate dehydrogenase/ml and 4-0 units pyruvate kinase/ml (Pearce et ai, 1976) . The stain solution for LDH contained 8 mM-calcium lactate, 1 mM-NAD, and methyl thiazolyl blue and phenazine Text- fig. 1 . The elution of human sperm enolase activity from Sephadex G200. In one case a fresh sample whose activity was largely attributable to the S isoenzyme was applied to a column equilibrated and eluted at 6°C (-) and in the other the sample was heated to 55°C for 40 min before column separation and the column was equilibrated and eluted at 22°C (-). The gel photograph shows the enolase isoenzymes in fractions produced from the latter experiment. Fig. 1 . Enolase isoenzymes seen in human sperm lysates from different unrelated individuals and in a human brain specimen. The unlabelled enolase isoenzyme between ß and ßß in the human brain specimen is a secondary isoenzyme derived from ßß (described by Pearce et al., 1976 methosulphate at 50 mg and 2-5 mg per 20 ml stain respectively (Harris & Hopkinson, 1976) . The stain solution for PGK contained 15 mM-potassium phosphate pH 7-6, 0-4 mM-NAD, 12 mMfructose diphosphate, 15 mM-glucose, 2-5 mM-ADP, 4-0 mM-NADP, 13 mM-MgS04 (Georgiev, 1982) .
Several adult post-mortem specimens of human testes were examined and found to show in every case a prominent enolase isoenzyme, as expected, and an ENO S component.
The thermostabilities of ENO S and the other enolase isoenzymes were compared. In one set of experiments samples were electrophoresed without prior heat treatment, the gel was sliced into identical halves, one of which was kept cold while the other was heated at 55°C for 20 min. The relative activities of the isoenzymes displayed by specific activity staining were then compared.
The isoenzyme lost almost all activity, aß was reduced, ßß activity remained the same but the activities of S and S' were markedly elevated. In other experiments lysates and extracts were heated in a water bath at different temperatures for various times before analysis. The isoenzyme was least stable and lost more than 70% of activity after 30 min at 55°C while the ß isoenzyme was reduced by 50%. In contrast the sperm-specific enolases showed activation at these elevated temperatures. In most cases (7 out of 8 tested) this appeared to be associated with an increase in the relative activity of the ENO S'isoenzyme and this effect is illustrated in PI. 1, Fig. 3 . In one unusual case activation occurred but was not associated with the occurrence of the S'isoenzyme (PI. 1, Fig.  3 Fig. 5, ENO) . Evidence for LDH X and PGK 2 isoenzymes was found in all 4 fractions (PI. 2, Fig. 5 , LDH, PGK).
Discussion
The data presented in this paper indicate that the enolase, ENO S, found in the spermatozoa of different mammalian species is unique to that tissue. In common with the somatic tissue enolases, the ENO S isoenzyme has a molecular weight of around 90 000 and is dependent on 2-phosphoglycerate and Mg2+ for activity. However, the ENO S and S'isoenzymes are distinguished from the somatic tissue enolases by relatively high thermostability and in particular S' appears to increase in activity at elevated temperatures. The nature of the S'isoenzyme is still obscure : it could be a modified form of the isoenzyme, represent an a/S hybrid enolase molecule generated by dissociation and recombination at raised temperature, or generated from enolase S. The first suggestion seems unlikely since the thermal inactivation profile of in liver preparations, which contain only this isoenzyme, is the same as in sperm lysates but is not associated with the appearance of novel isoenzymes. The possibility that S' is an a/S heterodimer has been investigated by attempting to generate the S' isoenzyme in vitro by subjecting mixtures of the and S isoenzymes to dissociation-rehybridization procedures. Mixtures of isoenzymes were either heated at 55°C for various times or were subjected to repeated freezing and thawing in the presence of high salt (2 M-NaCl), before electrophoresis. The latter procedure has proved successful in the formation of ß and ß heterodimers in vitro from mixtures of , ßß and isoenzymes (Pearce et ., 1976) , but numerous attempts using various modifications of the basic procedures did not lead to the appearance of new isoenzymes in the , S mixture. The appearance of S' only when the S isoenzyme occurs makes the possibility that S' is generated from the S isoenzyme the most attractive of the three explanations. If this were the case then the differences in the apparent molecular size of the S and S'isoenzymes suggest that ENO S' may be generated from ENO S either by aggregation of the ENO S molecules with each other or with some other protein in the sperm lysate, or that S' is a conformer of S with a larger effective radius and improved stability.
At this stage it is not possible to comment on the functional significance of this sperm-specific enolase isoenzyme but it is relevant to note that enolase catalyses a reaction in the EmbdenMeyerhoff glycolytic pathway in which two other enzymes, lactate dehydrogenase and phosphoglycerate kinase, are each characterized by a sperm-specific isoenzyme (LDH X and PGK 2) which is coded by a locus independent of those expressed in somatic tissues. Autosomally-coded PGK 2 seems to replace X-chromosomally coded PGK 1 which gradually disappears after formation of the heterochromatic XY body at the early pachytene stage. LDH X may be involved in lactate metabolism by spermatocytes, spermatids and spermatozoa, and may take part in unique shuttle systems for oxidation of cytosolic NADH (Storey & Kayne, 1977 (Blackshaw & Elkington, 1970 ; Goldberg & Hawtrey, 1976) , but the demonstration of PGK 2 at this early stage is in contrast to the conclusion based on immunofluorescence analysis (Van der Berg, Lee & Goldberg, 1981; Kramer, 1981) that mouse PGK 2 is not demonstrable until the late spermatid stage.
Although the relatively late synthesis of ENO S in spermiogenesis contrasts with that found for LDH X and PGK 2 there are other sperm-specific proteins which show a rather late appearance during spermatogenesis. For example, the sperm autoantigens S, and are found in haploid germinal cells but are totally absent from the diploid spermatogonia and primary spermatocytes (Radu & Voisin, 1975) , and the testis-specific basic nuclear protein does not appear until the spermatid stage of differentiation (Goldberg et al., 1977) .
If enolase S is the product of a gene locus distinct from those determining the somatic-tissue enolases, the ENO-S locus is either expressed in the haploid genome or a stable mRNA is transcribed premeiotically and stored untranslated until the late spermatid stage of development.
There are observations to support the view that both types of mechanism may operate during sperm differentiation. For example, Geremia, D'Agostino & Monesi (1978) (Erickson, Erickson, Betlach & Meistrich, 1980) , although Grootegoed et al. (1977) suggest that only a small portion belongs to the stable mRNA class as most of the heterogeneous RNA from spermatocytes has a short half life. Studies on protamine in trout testis (Gedamu, Dixon & Davies, 1977) may have a bearing on the sperm-specific enolase findings. This work has shown that the protamine mRNA sequences are present in the cell in the form of mRNP particles at the prophase of meiosis. However, the translation product, protamine, does not appear until considerably later at the spermatid stage.
